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Recent experiments in underdoped hole-doped cuprates have shown the presence of two energy
scales in the Raman spectrum in the superconducting state. This feature has a natural explanation
in some models in which pseudogap and superconductivity compete. In electron-doped cuprates
antiferromagnetic correlations are believed to survive in the superconducting state, and to produce
a pseudogap above the critical temperature. Contrary to hole-doped systems, in electron-doped
compounds only one energy scale appear since the pair breaking Raman intensity peaks in both B1g
(antinodal) and B2g (nodal) channels at a frequency of a few meV, typical of the superconducting
order parameter. In this paper we analyze the different effect in the Raman spectrum of the
competition between pseudogap and superconductivity in electron and hole-doped cuprates. The
difference in energy scales in both systems is explained in terms of the different truncation of the
Fermi surface induced by the pseudogap. For electron-doped cuprates we also analyze the spectrum
with antiferromagnetism and a non-monotonic superconducting order parameter.
I. INTRODUCTION
The pseudogap (PG) and the asymmetry between elec-
tron and hole-doped cuprates are key issues in high-
temperature superconductivity. In angle-resolved pho-
toemission (ARPES) in hole-doped compounds the PG
manifests in reduced intensity in the antinodal region
(close to (0, pi)) and a Fermi arc in the nodal one, around
(pi/2, pi/2), instead of a complete Fermi surface1(FS). Re-
cent ARPES2 and Raman3 experiments suggest that the
nodal-antinodal dichotomy remains in the superconduct-
ing (SC) state in the form of two energy scales.
Inelastic Raman scattering4 permits to differentiate
the zero-momentum charge excitations of nodal (χB2g )
and antinodal regions (χB1g ). In the SC state, pair break-
ing peaks appear in the Raman spectrum. In hole-doped
cuprates the B2g peak frequency shows a non-monotonic
dependence on doping x, similar to the one of the criti-
cal temperature Tc. On the contrary, the B1g intensity
strongly decreases with underdoping with a peak fre-
quency which seems to evolve from the SC to the PG
scale3,5. This behavior has been interpreted as a signa-
ture of the competition between SC and PG5,6. For al-
ternative descriptions see3,7. Very recent measurements8
show that in underdoped compounds the position of the
B1g peak barely changes with temperature and that in-
tensity at this frequency remains above Tc, opposite to
what happens in overdoped samples. It also appears at
the same frequency in impurity-substituted samples with
different Tc but the same nominal doping
9. On the con-
trary, the nodal B2g peak displays a significant temper-
ature dependence below Tc in both the underdoped and
the overdoped regimes10.
In electron-doped cuprates the PG suppresses the
ARPES intensity at the hot spots11, where the FS cuts
the antiferromagnetic zone border (AFZB). This suppres-
sion remains in the SC state. Band folding across the
AFZB12 and a gap of ∼ 100 meV at the hot spots have
been observed12,13,14. This gap remains in the supercon-
ducting state. These features are well reproduced by a
spin density wave (SDW) state and its coexistence with
superconductivity below Tc
15,16. The SDW model17 is
based on an itinerant electron approach to the antifer-
romagnetism. The SDW truncates the FS into electron
and hole pockets at the antinodal and nodal regions. The
pockets picture and the AF origin18 of the PG agrees with
the doping evolution of the Hall coefficient19, the elastic
peaks at Q = (pi, pi) observed in neutron scattering20,
magnetotransport21 and optical conductivity22 experi-
ments.
Contrary to hole-doped materials, in electron-doped
compounds the pair breaking Raman intensity peaks
in both B1g (antinodal) and B2g (nodal) channels at
a frequency of a few meV, typical of the SC order
parameter23,24. The peak frequency has a non-monotonic
dependence on doping, similar to the one of Tc. For some
dopings B2g peaks at a frequency larger than B1g, what
has been interpreted in terms of a non-monotonic d-wave
SC gap23,25,26 with maximum value at the hot spots27.
A non-monotonic leading edge shift below Tc has been
observed28,29 in samples which show a gap of 100 meV at
the hot spots above and below the critical temperature.
Yuan and Yuan30 and Liu et al31 respectively proposed
that the non-monotonicity of the ARPES gap and the
relative position of the B1g and B2g peaks were a con-
sequence of the coexistence of antiferromagnetism and
d-wave superconductivity. In electron-doped cuprates
the SDW and SC scales can be decoupled32. The dif-
ferent values of SC scale28,33∼ 4 mev with respect to the
pseudogap∼ 100meV suggest that the non-monotonicity
is not associated with the opening of an antiferromag-
netic gap34. In the presence of a PG as the one seen in
ARPES12,13 the Raman spectrum including both SDW
and a non-monotonic d-wave gap should be studied.
2In this article we analyze the different Raman spec-
trum of electron and hole doped cuprates within com-
peting scenarios. In electron-doped cuprates the PG is
modeled by a SDW and it is assumed to remain present
in the SC state15,16,30. For hole-doped systems we use
the Yang-Rice-Zhang (YRZ) model35 which reproduces
well5 the doping dependencies of B1g and B2g peak fre-
quencies and intensities. As it is also experimentally ob-
served, in the hole-doped superconductors the PG scale
couples with the SC one and affects the pair breaking
Raman spectrum, while PG and SC scales are decoupled
in electron-doped compounds. We show that such a dif-
ference is not a consequence of the different model used
but of the different region of the Fermi surface which
is truncated by the pseudogap. We also calculate the
Raman spectrum corresponding to a non-monotonic SC
d-wave gap, in the presence of a SDW to make a closer
comparison with experiments.
II. THE MODEL
Electron-doped cuprates. We start from the
Green’s function in presence of antiferromagnetism
and superconductivity which couples the operators
(c†k,↑, c−k,↓, c†k+Q,↑, c−k−Q,↓)
G−1(ω,k) =


ω − ξk −∆S,k −∆AF 0
−∆S,k ω + ξk 0 −∆AF
−∆AF 0 ω − ξk+Q −∆S,k+Q
0 −∆AF −∆S,k+Q ω + ξk+Q

 .
Such a Green’s function can be derived from the Hub-
bard or t-J model at mean field level15,16,30. We assume
a doping dependent16 isotropic AF gap ∆AF and a d-
wave SC order parameter ∆S,k = (∆S/2)(coskx−cos ky)
except otherwise indicated. The band dispersion is ξk =
−2t0(cos kx + cos ky) − 4t1 cos kx cos ky − 2t2(cos 2kx +
cos 2ky)− µ.
Next we consider the Raman response. We use the
symmetry of the point group transformations of the crys-
tal to classify the scattering amplitude36. Since we are
mostly concerned in the anisotropic properties of the sys-
tem we will calculate the B1g and the B2g channels and
not the A1g channel. This will be also valid for the hole
doped case. In the bubble approximation the Raman
response is:
χν(Ω) =
1
N
∑
k
(γνk)
2{Π11,11(k,Ω)−Π12,21(k,Ω) +
(−1)η(Π13,31(k,Ω) −Π14,41(k,Ω))}, (1)
Πij,kl(k, iΩ) = T
∑
n
Gij(iωn + iΩ,k)Gkl(iωn,k)). (2)
Here γB1g ∝ (cos kx − cos ky) and γB2g ∝ (sin kx sin ky)
are the Raman vertices,41 η = 1, 2 respectively for B1g
and B2g and the Green’s functions are written in the ex-
tended Brillouin zone. Equivalent expressions apply6 for
coexisting d-density wave and SC. At zero temperature
and zero scattering rate:
χB2g (Ω) =
1
4
∑
k,τ=±
(
γ
B2g
k
)2 ∆2S,k
(Eτk)
2
(
1 +
τξ−k
Ek
)
δ (Ω− 2Eτk) ,
(3)
χB1g (Ω) =
1
4
∑
k
(
γ
B1g
k
)2{∆2AF
E2k
Λkδ
(
Ω− E+k − E−k
)
+
∑
τ=±
∆2S,k
(Eτk)
2
(
1 +
τξ−
k
Ek
)(
τξ−
k
Ek
)
δ (Ω− 2Eτk)
}
,(4)
with Λk =
(
1− (ξ
+
k
)2+∆2S,k−E
2
k
E+
k
E−
k
)
, ξ±k = (1/2)(ξk±ξk+Q),
E±k = [(ξ
+
k ±Ek)2+(∆S,k)2]1/2, Ek = [(ξ−k )2+∆2AF ]1/2.
In the calculations we use Eq. (1) with a constant scat-
tering rate Γ except otherwise stated. A more proper
treatment of the scattering rate should include the ef-
fects of impurities, inelastic scattering, disorder and the
well-known flat background at high frequencies but it is
beyond the scope of this article40.
Hole-doped cuprates. We use the Yang-Rice-Zhang
model35 to describe the pseudogap in hole-doped
cuprates. This model assumes that the pseudogap state
can be described as doped resonant valence bond (RVB)
state and proposes an ansatz for the coherent part of
the single particle Green’s function to characterize it.
This ansatz is proposed in analogy with the form de-
rived for a doped spin liquid formed by an array of two-
leg Hubbard ladders near half-filling. The description
starts from t-J model and uses the Gutzwiller approx-
imation to project out double occupied sites as in the
early renormalized mean field description of the RVB
state37. In particular the kinetic energy (i.e. the values
of the hopping parameters) and the coherent quasiparti-
cle spectral weight are renormalized via gt = 2x/(1 + x)
and depend on doping. We use the doping dependence
of the hopping parameters proposed in35. A new fea-
ture of the YRZ model is to describe the pseudogap
correlations at zero temperature by a parameter ∆R
via a self energy ΣR(k, ω) = ∆
2
R,k/(ω + ξ0k) which di-
verges at zero frequency at the umklapp surface ξ0k (Lut-
tinger surface). Here ξ0k = −2t0(x)(cos kx + cos ky) and
∆R,k = (∆R(x)/2)(cos kx − cos ky). Hole pockets ap-
pear close to (±pi/2,±pi/2) but ∆R does not break any
symmetry. In the superconducting state of underdoped
cuprates coexistence of pseudogap and superconductivity
is assumed. The diagonal element of the matrix Green’s
function becomes
GRV BSC (k, ω) =
gt
ω − ξ(k) − ΣR(k, ω)− ΣS(k, ω) . (5)
with ξk = ξ0k − 4t1(x) cos kx cos ky − 2t2(x)(cos 2kx +
cos 2ky) − µp and µp determined from the Luttinger
31
0.5
1.5
2
2.5
3
3.5
FIG. 1: (Color online) Simulated map of ARPES intensity at
the Fermi energy with Γ = 0.02 for electron-doped cuprates in
(a) and hole-doped cuprates in (b) for the parameters given in
the text. The spectral function is convoluted with a gaussian
of width 0.06 to mimic finite resolution.
sum rule. ΣS(k, ω) = |∆2S,k|/(ω + ξ(k) + ΣR(k,−ω))
is the superconducting self energy with ∆S,k =
(∆S(x)/2)(cos kx−cosky) the superconducting order pa-
rameter. In the pseudogap state there are two quasipar-
ticle bands with strongly varying spectral weight. These
two bands become four in the superconducting state,
±E±,hk 5,35:
(E±,hk )
2 = ∆2Rk +
ξ2k + ξ
2
0k +∆
2
Sk
2
± (ESC,hk )2
(ESC,hk )
2 =
√
(ξ2k − ξ20k +∆2Sk)2 + 4∆2Rk((ξk − ξ0k)2 +∆2Sk).
The Raman spectrum is calculated in the bubble approx-
imation as in5.
Parameters. In both electron and hole doped cuprates
the PG scales ∆AF and ∆R decrease with doping and
vanish at a Quantum Critical Point (QCP) at which
Fermi liquid and BCS description are recovered in the
normal and superconducting states, respectively. In hole-
doped compounds the hopping parameters are renormal-
ized according to the Gutzwiller approximation and de-
pend also on doping35. In order to compare the behavior
in electron and hole-doped systems we keep the doping
constant and equal to x = 0.13 for electron doped and
x = 0.14 in the hole-doped case and vary ∆S . We work
in units of the unrenormalized nearest neighbor hopping
t = 1. For electron-doped cuprates we use t0 = 1, t1 =
−0.3, t2 = 0.25, ∆AF = 0.3 and µ = 0.59, corresponding
to x = 0.13, which reproduces well the ARPES intensity
at the Fermi level (Fig. 1(a)). In hole-doped cuprates
we use t0 = 0.37, t1 = −0.073, t2 = 0.05, ∆R = 0.18
and µp = −0.29. The ARPES intensity corresponding
to these values is shown in Fig. 1(b). The parameters
chosen reproduce reasonably well the ARPES spectrum
for both electron and hole-doped cuprates. However they
are not expected to give a quantitative fitting of the Ra-
man spectrum. In the hole-doped case the parameters
chosen are the ones originally proposed in the paper by
Yang-Rice and Zhang35, and later used in5,39. To bet-
ter compare with the hole-doped case and for numerical
convenience the superconducting order parameter in the
electron-doped case is larger than the experimental one.
FIG. 2: (Color online) Energy bands in the superconducting
state corresponding to the parameters given in the text for (a)
electron-doped cuprates and (b) hole-doped cuprates. The
inset in (a) zooms the opening of the superconducting gap
at the electron pocket along (0, pi)-(pi,pi). The width of the
bands gives an idea of the corresponding spectral weight. The
arrows show the possible interband transitions.
Our emphasis is in the qualitatively different behavior
observed in the Raman spectrum of electron and hole-
doped cuprates.
The aim of this paper is to compare the qualitative
changes of the Raman spectrum when going from the
normal-pseudogap to the superconducting state. Experi-
mentally the normal state is reached with increasing tem-
perature above Tc. On the other hand, the YRZ model
used for hole-doped cuprates, based on the Gutzwiller
projection, has been developed only for zero temperature.
To mimic the effect of going from the superconducting to
the normal state, we vary ∆S , keeping the temperature
equal to zero and the PG scale, ∆AF or ∆R constant. We
believe that the qualitative features described in this pa-
per will be present when going from the superconducting
to the normal state by increasing the temperature.
III. RAMAN SPECTRUM
Electron-doped cuprates. With SC and SDW the
energy spectrum consists of four bands with energies
4±|E±k |, see Fig. 2(a). The pair breaking excitations
due to superconductivity are given by the terms with
δ(Ω − 2E±k ) in (3) and (4). These terms describe two
different transitions, shown on the rightside of Fig. 2(a),
with energies Ω = 2E±k . Sketched in the figure there is a
third kind of interband transition with Ω = E+k +E
−
k . Its
contribution to the Raman spectrum is given by the first
term in Eq. (4). In contrast to pair breaking excitations
it is not SC-induced, but it has an SDW origin. A similar
transition shows up also in the Raman response of a SDW
in the absence of SC (∆S = 0). Thus this transition re-
mains above Tc if the temperature at which the AF order
appears is larger than Tc. As pointed out in
32 the SDW-
induced peak is only seen in B1g and not in B2g, both
with and without superconductivity. The corresponding
term is missing in (3). This a consequence of the breaking
of symmetry produced by the SDW and how this symme-
try breaking relates to the polarization of B1g and B2g
channels. The different behavior in both channels arises
from the sign which precedes the Π13,31 −Π14,41 term in
Eq. (1). Its contribution to the SDW-induced transition
equals, in absolute value, the one of Π11,11 −Π12,21. For
B1g polarization both contributions add while for B2g
they cancel each other. This result also applies to other
charge or spin density wave phases with Q = (pi, pi)6.
The total Raman spectrum is plotted in the left in-
sets in Fig. 3, ((a) and (c)), for different values of ∆S .
A peak at about 2∆S due to pair breaking excitations
is observed in both B1g and B2g channels. Its intensity
decreases and its position shifts to lower energies as ∆S
decreases, in a way which resembles what happens in a
BCS superconductor with ∆AF = 0. The low energy fea-
ture in the ∆S = 0 curve in both electron and hole doped
cuprates corresponds to the Drude peak Compared to
the BCS spectrum, at low energies the presence of the
SDW suppresses slightly the intensity in the B1g channel
since some of the spectral weight is reorganized due to
the opening of the SDW. The missing spectral weight is
found in the SDW-induced peak at higher energies. In
B2g the linear Ω dependence at low energies characteris-
tic of a SC gap with nodes is observed. Closer inspection
(see black curves in the right panels of Fig. 4) shows
that the pair-breaking feature in B2g has a double-peak
structure. The double peak structure originates in the
two transitions with energies |2E+k | and |2E−k | discussed
above. The double peak appears in both B1g and B2g
Raman response though in B1g one of the peaks is very
much suppressed and cannot be resolved at the scales
shown in the figures. Both peaks are very close in fre-
quency and the scattering rate makes them to merge into
a single one as can be appreciated in the B2g response
(black dashed curve) of Fig. 4a. The peak at Ω = 2∆AF
in the B1g spectrum arises from the SDW-induced tran-
sition.
The effect of superconductivity in the Raman spectrum
is better seen in the main figures in Fig. 3(a) and (c),
where the response in the SDW-normal state has been
subtracted. Except for the suppression of intensity in
the B1g spectrum at Ω = 2∆AF no feature shows up in
the subtracted figures at the SDW energy scale. This
dip in intensity is due to the
(
τξ−
k
Ek
)
factor in (4) which
makes that the contribution of the hot spots to the pair
breaking B1g intensity vanishes. In the difference spectra
the peaks in B1g and B2g appear at the same energy scale
and have a similar dependence on ∆S . Below we show
that this is not the case in hole-doped cuprates.
Hole-doped cuprates As to the case of electron-doped
cuprates discussed above the energy spectrum is com-
posed by four bands with energies ±E±,hk , see Fig. 2(b),
which expressions are given by Eq. 6. The Raman spec-
trum is composed by three transitions: two pair-breaking
peaks with energies 2|E−,hk | and 2|E+,hk | and a third
crossing transition with energy |E−,hk +E+,hk |. The cross-
ing transition is associated to the PG correlations in a
similar way as the SDW-transition in the electron-doped
materials is associated to antiferromagnetism. However,
in the hole-doped case, ∆R does not break any symmetry,
Π13 and Π14 vanish and the crossing transition is active
in both B1g and B2g.
The Raman spectrum shown in the right insets of
Fig. 3, ((b) and (d)), differs considerably with respect to
the one of electron-doped cuprates. Two peaks appear in
B2g channel. The low frequency one shifts to lower fre-
quencies and decreases in intensity with decreasing ∆S
as expected for a pair breaking peak. The intensity of
the weaker high-frequency peak also decreases with de-
creasing ∆S . At ∆S = 0 its intensity is finite and comes
from the crossing transition discussed above. Note that
as in the electron-doped case the low energy peak which
appears for ∆S = 0 is due to a finite value of Γ.
The increase of the high-frequency peak intensity with
increasing ∆S indicates that pair breaking excitations
also contribute to the intensity at this frequency in the
superconducting state. The B1g response is dominated
by the high-frequency peak whose intensity is reorganized
in the superconducting state. The low-frequency feature
appears just as a small shoulder in the total spectrum.
Interestingly, as experimentally observed8 all the curves
seem to cross at a single point (isosbetic point).
Main figures in Fig. 3(b) and (d) show the difference
response ∆χ′′B1g ,B2g = χ
′′
B1g ,B2g
(∆S)−χB1g,B2g (∆S = 0).
The B2g spectrum is dominated by the low frequency
peak. However a smaller peak at high frequency can be
also discerned. The low and high frequency peaks in the
difference curves are both pair breaking and correspond
respectively to the |2E−
k
| and |2E+
k
| transitions. The
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FIG. 3: (Color online) Raman response in B1g (top) and B2g (bottom) channels in electron (left) and hole (right) doped
cuprates as a function of the superconducting order parameter ∆S. Insets show the total response χ
′′
B1g ,B2g
and main figures
the difference one ∆χ′′B1g ,B2g = χ
′′
B1g ,B2g
(∆S) − χ
′′
B1g ,B2g
(∆S = 0). Intensity is in arbitrary units. Γ is given in units of the
unrenormalized nearest neighbor hopping parameter
characteristic energy scales of the peaks differ strongly
from the ones found in the electron-doped case in which
both pair-breaking peaks appeared at a scale given by ∆S
and could barely be distinguished. The features in the
B1g difference spectrum differ from those found in B2g.
The low frequency feature is very weak while the high-
frequency pair breaking peak dominates the response.
The last one is wide and its position does not change
much with ∆S . Note, that because the position in fre-
quency at which the crossing and high-frequency pair
breaking transitions peak are so close, intensity at this
energy is also expected in the PG state in absence of
superconductivity.
IV. NON-MONOTONIC SUPERCONDUCTING
GAP IN ELECTRON-DOPED CUPRATES
As discussed in previous section, at the bubble level
even in the presence of a SDW, using a d-wave form
for the superconducting order parameter, the B2g pair-
breaking contribution peaks at a frequency smaller than
the B1g one, contrary to what was observed at optimal
doping in electron-doped cuprates23,24. A non-monotonic
d-wave SC gap is a plausible explanation for the observed
peak position. The spectrum for a non-monotonic SC d-
wave gap, in the absence of antiferromagnetism was re-
ported in25. In Fig. 4 we plot the spectrum for coexisting
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FIG. 4: (Color online) (a) and (c) B1g and B2g Raman response calculated with Γ = 0.02 and corresponding to different
anisotropies of the order parameter given in Eq. (6) which k-dependence along the Fermi surface (in the absence of SDW gap)
is given in the inset. (b) and (d) Pair breaking peaks corresponding to the same values as in left figures. This figure has been
calculated using eqs. (3) and (4) and introducing a brodening 0.001 to the δ-function. In all the figures a=0 (black solid), a=4
(red dashed) and a=16 (light green solid). Γ and the broadening of the δ-function are measured in units of the unrenormalized
nearest neighbor hopping parameter. The spectrum is given in arbitrary units.
SDW and a non-monotonic SC order parameter25.
∆S,k = ∆0
√
a
3
√
3
cos kx − cos ky
(1 + a/4(coskx − cos ky)2)3/2 , (6)
for a = 4, 16 which k-dependence is given in the inset
and compare it with the spectrum for pure d-wave ∆S .
All the Raman spectra shown in this figure correspond
to the same maximum value ∆max but its position shifts
towards the node with increasing a. Left panels show
the spectrum calculated with Γ = 0.02, value for which
the two pair-breaking peaks cannot be resolved (as ex-
pected experimentally). With increasing a the position
of the B2g peak shifts to larger frequency while the peak
intensity increases. On the other hand the position of
the B1g peak shifts to lower frequency and the peak in-
tensity decreases. This behavior is expected from the
generic form of the gap and differs little from the one
found for a non-monotonic d-wave gap in the absence
of a SDW25. These features are in agreement with the
experimental results. The effect of the SDW is better
seen in the right panels which have been calculated us-
ing Eq. (3) and (4) adding a small broadening to the
δ-function. With increasing a the lowest (highest) pair
breaking peak shifts to higher (lower) frequency. As a
consequence, with increasing non-monotonicity (increas-
ing a) the peaks first merge together (a = 4) and then
exchange positions (a = 16). Due to the similarity of
the spectrum with and without SDW it is not possible to
extract any fingerprint of the SDW from the low energy
Raman spectrum.
V. SUMMARY AND DISCUSSION
We have analyzed how pseudogap and superconduct-
ing scales show up in the Raman spectrum of electron
and hole-doped cuprates. The pseudogap in electron-
doped compounds has been described by a spin density
wave model, while for hole-doped cuprates we have used
the Yang, Rice and Zhang model for a doped spin liq-
uid. In both cases the pseudogap is assumed to remain
in the superconducting state and to compete with super-
conductivity removing part of the underlying Fermi sur-
face. Below Tc, superconductivity induces pair-breaking
peaks in the Raman spectrum. Due to the modification
of the energy spectrum, in the presence of the PG the
typical BCS pair-breaking peak splits into two.
The two pair-breaking peaks are very close in fre-
quency in electron-doped systems. One of the peaks is
strongly suppressed in the B1g channel. The character-
istic frequency of both peaks is controlled by the super-
conducting order parameter ∆S . The pseudogap scale
∆AF does not show up in the pair-breaking spectrum.
Except for extremely small (unrealistic) scattering rates,
the two peaks merge into one and cannot be resolved ex-
perimentally even in the B2g channel. An SDW-induced
7transition is present both below and above TC and pro-
duces a peak at 2∆AF . This transition is not active in
B2g channel.
In hole-doped compounds the two pair breaking peaks
are clearly separated. The high-energy peak frequency is
controlled by the maximum gap measured in ARPES in
the antinodal region5. It depends on both ∆S and the
pseudogap scale ∆R. The low-energy peak appears at a
frequency slightly lower than expected for a BCS super-
conductor with order parameter ∆S . It is strongest in
B2g but it is barely visible in B1g. A PG induced cross-
ing transition is present for zero or finite ∆S and pro-
duces a peak in the spectrum at a frequency which can
be very close to the high-frequency pair breaking peak,
making it difficult to disentangle both contributions in
the total spectrum. This transition has higher intensity
in B1g. When the superconducting gap decreases, if the
pseudogap scale does not change, the high energy peak
in B1g barely changes its position. Similar behavior has
been found in recent experiments by Sacuto’s group8 for
a given sample with increasing temperature and for sam-
ples with the same doping but different critical temper-
atures due to impurity substitution9.
A convenient way to analyze the effect of superconduc-
tivity in the spectrum is to look at the difference response
∆χ′′B1g ,B2g = χ
′′
B1g ,B2g
(∆S) − χB1g ,B2g (∆S = 0). For re-
alistic scattering rate values, in electron doped cuprates
the effect of PG in ∆χ′′B1g ,B2g almost vanishes in the dif-
ference response except for a dip at 2∆AF in B1g and a
slight change of shape of the pair breaking peaks. With
decreasing ∆S the peaks in ∆χ
′′
B1g
and ∆χ′′B2g shift to
lower frequencies and decrease their intensities. How-
ever, two clearly differentiated peaks appear in the differ-
ence response in hole-doped compounds. ∆χ′′B2g is domi-
nated by the low frequency one and behaves qualitatively
in the standard way (shift to lower frequencies and de-
crease in intensity with decreasing ∆S). On the contrary
the ∆χ′′B1g is controlled by the high-frequency peak. Its
intensity decreases with decreasing ∆S but its position
barely depends on it (this could change to some extent if
the pseudogap energy scale is very small).
The appearance or not of the PG-induced (SDW or
crossing) transition in B2g channel in electron and hole-
doped cuprates originates in the different model used in
both cases which folds the Brillouin zone at the AFZB in
electron-doped but does not break any symmetry in the
hole-doped case.
We are not aware of any signature of the SDW transi-
tion in the Raman spectrum of electron doped cuprates.
If the SDW model discussed here is applicable, such a
transition would be active in the optical conductivity too.
In fact a peak at ∼ 200meV in the optical conductivity
in the normal state has been previously associated to
an SDW22. In hole-doped cuprates a broad feature in
B1g above Tc at the same frequency at which the pair-
breaking peak shows up in the superconducting state has
been observed and is considered to be the Raman signa-
ture of the pseudogap8.
On the contrary the different behavior of the energy
scales is not a consequence of the different model used
but on the different truncation of the Fermi surface pro-
duced by the pseudogap. Two energy scales like the ones
discussed here and in5 for hole-doped compounds, would
appear in other competing models if the parameters cho-
sen result in a single nodal Fermi pocket of size and shape
similar to the ones in5. In hole-doped cuprates the ef-
fect of the pseudogap in the spectrum is strongest in
the region of k-space which controls the high-frequency
peak, destroying the Fermi surface at the Brillouin zone
edge. As a consequence, the energy of the associated pair-
breaking transition increases but its intensity decreases,
because part of the spectral weight goes to the cross-
ing transition. As this region, close to (pi, 0) is mainly
sampled by B1g channel, the spectrum in this channel is
highly anomalous. On the contrary B2g mostly samples
the Fermi pocket; in the inner edge, the arc, the spec-
trum is more conventional. In electron-doped systems
the pseudogap gaps the Fermi surface at the hot spots,
far from (pi, 0). The low and high-frequency pair break-
ing peaks originate respectively in the hole and electron
pockets at nodal and antinodal regions. As there is a well
defined Fermi surface in each pocket, and a gap equal to
∆S,k opens in each of these Fermi surfaces both pair-
breaking peaks show up at a frequency controlled by ∆S .
We have also calculated the spectrum for electron-
doped compounds using a non-monotonic d-wave super-
conducting order parameter in the presence of a SDW.
With increasing non-monotonicity of the superconduct-
ing order parameter the two pair-breaking peaks first
merge together and then exchange positions. Thus, for
large non-monotonicity the spectrum peaks at frequency
larger in B2g than in B1g. For realistic values of the scat-
tering rate the spectrum at low energy is very similar to
the one without spin density wave.
In conclusion, though competing scenarios might be
valid for hole and electron doped cuprates, its Raman
spectrum can be very different and a careful analysis is
needed. While in electron doped cuprates the supercon-
ductivity and pseudogap are practically disentangled this
is not the case for the hole doped cuprates. We have
shown that the different truncation of the Fermi surface
for hole and electron doped cuprates is key to understand
this completely different behavior. The calculation of the
Raman spectrum has been performed in the bubble ap-
proximation. We expect that vertex corrections would
not modify the qualitative behavior discussed here.
Finally we note that recent experiments12,38 suggest
that in electron doped cuprates the antiferromagnetic or-
der in the superconducting state is short range. The
SDW model used here to characterize electron-doped
cuprates assumes long-range antiferromagnetism. We be-
lieve that the results reported here are still valid for short
range interactions. Some features could be broadened, in
a way similar to the non-resolution limited elastic mag-
netic Bragg peaks20. We also note that for both electron
and hole doped systems we have kept the scattering rate
8constant when changing ∆S . Experimentally the scat-
tering rate has a non trivial dependence in ω, k and T
what could influence the spectrum to some extent.
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